Standard-model-like Higgs-pair production and decay in left–right twin Higgs model  by Wang, Lei & Han, Xiao-Fang
Physics Letters B 696 (2011) 79–86Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Standard-model-like Higgs-pair production and decay in left–right twin Higgs
model
Lei Wang ∗, Xiao-Fang Han
Department of Physics, Yantai University, Yantai 264005, China
a r t i c l e i n f o a b s t r a c t
Article history:
Received 6 August 2010
Received in revised form 28 October 2010
Accepted 30 November 2010
Available online 10 December 2010
Editor: M. Cveticˇ
Keywords:
Left–right twin Higgs
Higgs-pair
LHC
In the framework of the left–right twin Higgs (LRTH) model, we study the production of a pair of SM-
like Higgs bosons at the LHC (Higgs mass is typical in the range of 160–180 GeV). First, we examine the
production rate and ﬁnd that it can be signiﬁcantly larger than the SM prediction. Then we investigate
the decays of the Higgs-pair and ﬁnd that in some parameter space the new decay mode hh → WW Sˆ Sˆ
( Sˆ is a candidate for WIMP dark matter) can be important, which can suppress sizably the conventional
decay modes like hh → WWWW , hh → WW Z Z and hh → WWbb¯. Finally, we study the promising
channel gg → hh → WWWW and ﬁnd that the rate can be sizably enhanced or suppressed compared
with the SM prediction.
© 2010 Elsevier B.V. Open access under CC BY license.1. Introduction
The twin Higgs mechanism [1,2] is proposed as an interesting
solution to the hierarchy problem. The SM-like Higgs emerges as a
pseudo-Goldstone boson once a global symmetry is spontaneously
broken, which is similar to what happens in the little Higgs models
[3,4]. An additional discrete symmetry is imposed, which ensures
the absence of one-loop quadratic divergence of Higgs mass. The
resulting Higgs boson mass is naturally around the electroweak
scale when the cut-off scale of the theory is around 5–10 TeV. The
twin Higgs mechanism can be implemented in left–right models
with the additional discrete symmetry being identiﬁed as the left–
right symmetry [2]. In the left–right twin Higgs (LRTH) model, sev-
eral physical Higgs bosons remain after the spontaneous symmetry
breaking. Another additional discrete symmetry is introduced in
the model under which the SU(2)L doublet hˆ is odd while all the
other ﬁelds are even. The lightest particle Sˆ in its neutral compo-
nents is stable and thus can be a candidate for weakly interacting
massive particle (WIMP) dark matter. The phenomenology of LRTH
model has been studied by some authors [5,6].
The Higgs-pair production at the LHC, albeit with a small pro-
duction rate, is rather important because it will provide a way to
probe the Higgs self-coupling λ. With the designed luminosity, it
is possible for the LHC to establish that the SM Higgs boson has
a non-zero self-coupling and the ratio λ/λSM can be restricted
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Open access under CC BY license.to a range of 0–3.7 at 95% conﬁdence level if its mass is be-
tween 150 GeV and 200 GeV [7]. Such Higgs-pair production is
sensitive to new physics and has been studied in various new
physics models [8,9]. In this work, we study this process in the
LRTH model. We will ﬁrst examine the production of a pair of
SM-like Higgs bosons at the LHC. Then we study the decays of
the Higgs-pair. Finally, we study the rate of the promising channel
gg → hh → WWWW .
This work is organized as follows. In Section 2, we brieﬂy re-
view the left–right twin Higgs model. In Section 3 we calculate
the Higgs-pair production cross section at the LHC. In Section 4,
we study the decays of the Higgs-pair and the rate of gg → hh →
WWWW . Finally, we give our conclusion in Section 5.
2. Left–right twin Higgs model
2.1. Gauge sector
The LRTH model [2,10] contains the global symmetry U (4) ×
U (4) with a gauged SU(2)L × SU(2)R × U (1)B−L subgroup. The
twin symmetry is identiﬁed as a left–right symmetry which in-
terchanges L and R , implying that gauge couplings of SU(2)L and
SU(2)R are identical.
A pair of Higgs ﬁelds, H and Hˆ , are introduced and each trans-
forms as (4,1) and (1,4) respectively under the global symmetry.
They can be written as
H =
(
HL
H
)
, Hˆ =
(
Hˆ L
Hˆ
)
, (1)R R
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charged under SU(2)L × SU(2)R × U (1)B−L as
HL and Hˆ L : (2,1,1), HR and Hˆ R : (1,2,1). (2)
Each Higgs acquires a non-zero VEV as
〈H〉 = (0 0 0 f )T , 〈Hˆ〉 = (0 0 0 fˆ )T , (3)
which breaks one of the U (4) to U (3) and yields seven Nambu–
Goldstone bosons. The scalar ﬁelds can be parameterized as
H = f ei πf
⎛
⎜⎝
0
0
0
1
⎞
⎟⎠ ,
with π =
⎛
⎜⎝
−N/2 0 0 h1
0 −N/2 0 h2
0 0 −N/2 C
h∗1 h∗2 C∗ 3N/2
⎞
⎟⎠ , (4)
with π being the corresponding Goldstone ﬁelds. N is a neutral
real pseudoscalar, C and C∗ are a pair of charged complex scalar
ﬁelds, and (h1,h2)T is the SM SU(2)L Higgs doublet. Hˆ can be pa-
rameterized in the same way by its own Goldstone ﬁelds πˆ , which
contains Nˆ , Cˆ and hˆ = (hˆ+1 , hˆ02)T .
The covariant kinetic terms of Higgs ﬁelds can be written down
as [2,10]
LH = (DμH)†DμH + (Dμ Hˆ)†Dμ Hˆ . (5)
The covariant derivative is
Dμ = ∂μ − ig2Wμ2 − ig1WμB−L, (6)
where g1 and g2 are the gauge couplings for U (1)B−L and
SU(2)L,R . The corresponding gauge ﬁelds are
W2 = 1
2
⎛
⎜⎜⎝
W 0L
√
2W+L 0 0√
2W−L −W 0L 0 0
0 0 W 0R
√
2W+R
0 0
√
2W−R −W 0R
⎞
⎟⎟⎠ ,
WB−L = W1
2
⎛
⎜⎝
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
⎞
⎟⎠ . (7)
Eq. (5) contains the following neutral Higgs boson interactions:
LH ⊃ 1
2
g22 f
2s21W
−
L W
+
L +
1
2
g22
(
fˆ 2 + f 2c21
)
W−R W
+
R
+ 1
4
g21
(
f 2 + fˆ 2)W1W1 − 1
4
g1g2 f
2(1− c2)W1W 0L
+ 1
8
g22 f
2(1− c2)W 0L W 0L −
1
4
g1g2
(
f 2 + f 2c2
+ 2 fˆ 2)W1W 0R + 18 g22
(
f 2 + f 2c2 + 2 fˆ 2
)
W 0RW
0
R , (8)
where
c1 = cos h + v√
2 f
, s1 =
√
1− c21,
c2 = cos
√
2(h + v)
f
, s2 =
√
1− c22. (9)
The h and v are the SM-like Higgs ﬁeld and its VEV, respectively,
which arise from the SU(2)L doublet (h1,h2)T . There is no mix-
ing between W± and W± , and we deﬁne the mass eigenstates:L RW± = W±L and W±H = W±R . At O( v
2
f 2
), their masses and Higgs cou-
plings are
m2W =
1
4
g22v
2
(
1− v
2
6 f 2
)
,
m2WH =
1
2
g22
[
fˆ 2 + f 2
(
1− v
2
2 f 2
)]
,
hWW : 1
2
g22v
(
1− v
2
3 f 2
)
,
hWHWH : −1
2
g22v
(
1− v
2
3 f 2
)
. (10)
The neutral gauge bosons ZH , Z and γ are linear combinations
of W 0L , W
0
R and W1. Ref. [10] gives the leading-order masses and
Higgs couplings for the mass eigenstates. The diagonalization of
the gauge mass matrix is performed numerically in our analysis,
and the coupling of hZ Z can be obtained at O( v2
f 2
).
2.2. Fermion sector
The Yukawa interaction of the ﬁrst two generation quarks and
bottom quark can be written as [10]
LY = y
αβ
u
Λ
(
Q¯ Lατ2H
∗
L
)(
HTRτ2Q Rβ
)
+ y
αβ
d
Λ
(Q¯ LαHL)
(
H†R Q Rβ
)+ h.c., (11)
where τ2 =
( 0 −1
1 0
)
, Q Lα = −i(uLα,dLα)T and Q Rβ = (uRβ,dRβ)T
with α and β being the family index. For simplicity, we assume
the quark ﬂavor mixing is small and neglect the mixing effects.
Eq. (11) contains the following Higgs boson interactions:
LY  − y
α
u
2Λ
f 2s2u¯LαuRα − y
α
d
2Λ
f 2s2d¯LαdRα + h.c. (12)
The mass and Higgs coupling of the quark q are given by
mq = yq√
2
f
Λ
v
(
1− v
2
3 f 2
)
, hq¯q: −mq
v
(
1− 2
3
v2
f 2
)
, (13)
where q denotes the ﬁrst two generation quarks or bottom quark.
The mass and Higgs coupling of leptons can be obtained from the
Yukawa interaction which is similar to Eq. (11).
For the top quark Yukawa interaction, we introduce a pair of
vector-like quarks (UL,UR) to cancel the one-loop quadratic diver-
gence of Higgs mass induced by the top quark. The Lagrangian can
be written as [10]
Lt = yL Q¯ L3τ2H∗LU R + yR Q¯ R3τ2H∗RUL − MU¯LUR + h.c., (14)
where Q L3 = −i(uL3,dL3)T and Q R3 = (uR3,dR3)T . Under left–
right symmetry, yL = yR = y. From Eq. (14), we can get Higgs
interaction as
Lt  −yf s1u¯L3UR − yf c1u¯R3UL − MU¯LUR + h.c. (15)
By diagonalizing the mass matrix in Eq. (15), we obtain the mass
eigenstates for the top quark and heavy top quark partner T . The
ﬁeld tL and TL (tR and TR ) are the linear combination of uL3 and
UL (uR3 and UR ), respectively. Ref. [10] gives their mass and Higgs
couplings at the leading-order.
Note that we can expand c1 and s1 in Eq. (9) as following:
c1 = cos v√
2 f
− h√
2 f
sin
v√
2 f
− hh
4 f 2
cos
v√
2 f
+ · · · ,
s1 = sin v√ + h√ cos v√ − hh
4 f 2
sin
v√ + · · · . (16)2 f 2 f 2 f 2 f
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malizable operator,
Lnr = y
4 f
sin
(
v√
2 f
)
hhu¯L3UR + y
4 f
cos
(
v√
2 f
)
hhu¯R3UL + h.c.
(17)
From Eq. (17), the 4-point couplings of hht¯t and hhT¯ T can be ob-
tained.
2.3. hˆ±1 and hˆ
0
2
The complex charged and neutral Higgs hˆ±1 and hˆ
0
2 couple only
to the gauge bosons. The Coleman–Weinberg potential arising from
gauge boson contributions and the soft left–right symmetry break-
ing terms, so-called “μ-term”, can give the masses for hˆ±1 and
hˆ02 [10],
Vμ = −μ2r
(
H†R HˆR + h.c.
)+ μˆ2 Hˆ†L Hˆ L . (18)
The masses of hˆ02 and hˆ
±
1 are
M2
hˆ2
= 3
16π2
[
g22
2
(Z(MW ) − Z(MWH ))
+ 2g
2
1 + g22
4
M2WH − M2W
M2ZH − M2Z
(Z(MZ ) − Z(MZH ))
]
+ μ2r
f
fˆ
cos x+ μˆ2,
M2
hˆ1
 M2
hˆ2
, (19)
where Z(x) = −x2(ln Λ2
x2
+ 1), and the cut-off scale Λ is typically
taken to be 4π f . We neglect the small mass splitting between hˆ02
and hˆ±1 due to the electromagnetic interactions. Since μˆ2 could
have either sign, we can vary the masses of hˆ02 and hˆ
±
1 as a free
parameter.
The complex scalar hˆ02 can be written as
hˆ02 =
Sˆ + i Aˆ√
2
, (20)
where Sˆ and Aˆ are the scalar and pseudoscalar ﬁelds, respectively.
We can introduce a new quartic potential term to get the splitting
between Sˆ and Aˆ, as well as their Higgs couplings [11]:
VH = −λ5
2
[(
H†L Hˆ L
)2 + h.c.]. (21)
From Eq. (21), we can get
δm2
Sˆ
= −λ5
2
v2
(
1− v
2
6 f 2
)
, δm2
Aˆ
= λ5
2
v2
(
1− v
2
6 f 2
)
,
hSˆ Sˆ: λ5v
(
1− v
2
3 f 2
)
, h Aˆ Aˆ: −λ5v
(
1− v
2
3 f 2
)
. (22)
The quartic terms −(λ5/4)h2 Sˆ2 and (λ5/4)h2 Aˆ2 induced by
Eq. (21) have opposite sign, which can ensure the cancellation of
one-loop quadratic divergence of Higgs mass from the Sˆ loop and
that from the Aˆ loop. Therefore, it is safe for λ5 ∼ 1.
There is also a quartic term which can potentially introduce a
mass splitting between hˆ02 and hˆ
±
1 [11]:
V ′H = λ4
∣∣Hˆ†HL∣∣2. (23)LHowever, Eq. (23) can produce a dangerous contribution to the
Higgs mass if λ4 is too large, which requires |λ4| 116π2 with Λ =
4π f . Therefore, we can neglect the contributions of Eq. (23) to the
hˆ02 mass and Higgs coupling compared with those of Eq. (22). We
deﬁne two parameters:
δ2 ≡mAˆ −mSˆ =
λ5
(mAˆ +mSˆ)
v2
(
1− v
2
6 f 2
)
,
δ1 ≡mhˆ1 −mSˆ =
λ5
2(mhˆ1 +mSˆ)
v2
(
1− v
2
6 f 2
)
. (24)
When mSˆ is much larger than δ2, we can get the relation δ2 ≈ 2δ1
from Eqs. (19), (22) and (24).
Sˆ is lighter than Aˆ, and can be a candidate of dark matter. In
addition to the Higgs couplings in Eq. (22), the Coleman–Weinberg
potential can give the contributions to the couplings of hSˆ Sˆ , h Aˆ Aˆ
and hhˆ1hˆ1. These expressions are complicated and can be found
in [12]. In this work, we consider these contributions.
3. Higgs-pair production at LHC
At the LHC the Higgs-pair production can proceed through
gluon–gluon fusion and bb¯ annihilation, respectively. For the
gluon–gluon fusion process, the LRTH model can give the contri-
butions through the tree-level hhtt¯ coupling and the modiﬁed htt¯
coupling. In addition to the top loops, the loops of the new heavy
partner quark T also come into play, as shown in Fig. 1. For the
bb¯ annihilation process, due to the small b quark Yukawa coupling
and the parton distribution function of b quark at LHC, we can ne-
glect safely the contributions of bb¯ annihilation process compared
with those of gluon–gluon fusion process [9].
The calculations of the loop diagrams in Fig. 1 are straightfor-
ward. Each loop diagram is composed of some scalar loop func-
tions [13] which are calculated by using LoopTools [14]. The cal-
culations are tedious and the analytical expressions are lengthy,
which are not presented here. The hadronic cross section at the
LHC is obtained by convoluting the parton cross section with the
parton distribution functions. In our calculations we use CTEQ6L
[15] to generate the parton distributions with the renormaliza-
tion scale μR and the factorization scale μF chosen to be μR =
μF = 2mh , and use the two-loop running coupling constant αs
with αs(mZ ) = 0.118.
The SM input parameters relevant in our study are taken
from [16]. The free LRTH model parameters involved are f , Λ, M ,
μr . The scale fˆ can be determined by f , Λ, M and μr by requir-
ing that the SM Higgs obtains an electroweak symmetry break-
ing VEV of 246 GeV [10]. The Higgs mass depends on f , Λ, M
and μr . The Z -pole precision measurements, low energy neutral
current process and high energy precision measurements off the
Z -pole can give strong constraints on f , requiring approximately
f > 500 GeV. Of course, the ﬁne tuning becomes severe if f is
too large [10]. Following Ref. [12], we take the typical parame-
ter space: 500 GeV  f  1500 GeV, Λ = 4π f , μr = 50 GeV and
M = 0 (150) GeV, where the Higgs mass is approximately in the
range of 160 GeV and 180 GeV.
In Fig. 2, we plot the hadronic cross section of Higgs-pair pro-
duction at the LHC for M = 0 GeV and 150 GeV, respectively. Note
that the Higgs mass can be determined by the value of f . For ex-
ample, when f = 500 GeV, 1 TeV and 1.5 TeV, mh = 159.3 GeV
(173.4 GeV), 172.6 GeV (175.4 GeV) and 178.4 GeV (179.3 GeV) for
M = 0 GeV (150 GeV), respectively. From Fig. 2, we ﬁnd the LRTH
model can enhance the SM prediction sizably. The corrections are
sensitive to the scale f and become more sizable for lower values
of f . The cross section will also depend on the mixing parameter
82 L. Wang, X.-F. Han / Physics Letters B 696 (2011) 79–86Fig. 1. Feynman diagrams for Higgs-pair production via gluon–gluon fusion in the LRTH model. Here i, j = 1,2 with ( f1, f2) denoting (t, T ). The other diagrams can be
obtained by exchanging the two gluons or exchanging the two Higgs bosons in (c) and (d), which is trivial. For simplicity, we do not show them.
Fig. 2. Hadronic cross section of Higgs-pair production at the LHC versus f and mh , respectively.M . When f is taken as 500 GeV, the values can reach 14 fb and
11 fb for M = 0 GeV and M = 150 GeV, respectively.
From Fig. 2(b) and (c), we can see the cross sections of pro-
cesses depicted by Fig. 1(a), (c) and (d) with only top loops are
smaller than the SM prediction since the coupling ht¯t is sup-
pressed. The loops induced by heavy quark T and the coupling
hht¯t play an important role in the enhancement of total cross sec-
tion of gg → hh. Note that Fig. 2(c) shows that the cross section
appears a peak for mh = 173.4 GeV and M = 150 GeV, and the
corresponding value of f is 500 GeV, which does not contradict
Fig. 1(a).
4. Final states of Higgs-pair production
The Higgs-pair production can give various ﬁnal states, depend-
ing on the decay modes of the Higgs boson. The LRTH model
corrections to the tree-level decays h → f f¯ ,WW , Z Z are mainly
from the corresponding modiﬁed couplings:
(h → X X) = (h → X X)SM
(
ghX X/g
SM
hX X
)2
, (25)
where X X denotes WW , Z Z or fermion pairs, and (h → X X)SM
is the SM decay width. ghX X and gSMhX X are the couplings of hX X
in the LRTH model and SM, respectively. In our calculations the
relevant higher order QCD and electroweak corrections are con-
sidered using the code Hdecay [17]. In addition to the SM-like
decay modes, the Higgs boson has some new important decaymodes which are kinematically allowed in some parameter space:
h → Sˆ Sˆ , h → Aˆ Aˆ and h → hˆ1hˆ1, whose partial widths are given by
(h → Sˆ Sˆ) =
g2
hSˆ Sˆ
32πmh
√
1− xSˆ ,
(h → Aˆ Aˆ) =
g2
h Aˆ Aˆ
32πmh
√
1− xAˆ,
(h → hˆ1hˆ1) =
g2
hhˆ1hˆ1
16πmh
√
1− xhˆ1 , (26)
where xs = 4m2s /m2h with s = Sˆ, Aˆ and hˆ1.
Now we look at the decays of Higgs-pair. In addition to the
parameters involved in the calculation of Higgs-pair production,
the Higgs decay depends on the parameter mSˆ and δ2. Consider-
ing the constraints of WMAP 3σ , Z and CDMS II [6,11], we take
two typical scenarios: (i) mSˆ is enough large so that the new de-
cays h → Sˆ Sˆ , h → Aˆ Aˆ and h → hˆ1hˆ1 are kinematically forbidden;
(ii) mSˆ = 70 GeV and δ2 = 40 GeV. Ref. [6] shows the new decay
h → Sˆ Sˆ is very important, which can suppress sizably the conven-
tional decay modes like h → V V (V = W , Z) and h → bb¯ in this
scenario.
Fig. 3 shows the decay branching ratios of Higgs-pair versus the
scale f for the two scenarios, respectively. We only plot the decay
modes with branching ratio above 0.01. For the scenario (i), the up-
per panel shows the decay mode hh → WWWW is dominant, and
L. Wang, X.-F. Han / Physics Letters B 696 (2011) 79–86 83Fig. 3. The decay branching ratios of Higgs-pair versus the scale f . The upper panel for the scenario (i), and the lower panel for the scenario (ii).hh → WW Z Z and hh → WWbb¯ are also important, similar to the
SM predictions. For the scenario (ii), the lower panel shows that
the branching ratio of the decay mode hh → WW Sˆ Sˆ is important,
and Br(hh → WW Sˆ Sˆ) can be even larger than Br(hh → WWWW )
when f = 500 GeV and M = 0 GeV. The conventional decay modes
hh → WWWW , hh → WW Z Z and hh → WWbb¯ can be siz-
ably suppressed compared with SM predictions. For M = 0 GeV,
some other new decay modes containing ﬁnal states Sˆ Sˆ , which are
hh → Sˆ Sˆ Sˆ Sˆ , hh → Sˆ Sˆ Z Z and hh → Sˆ Sˆbb¯, can also be important.
Fig. 4 shows the decay branching ratios of Higgs-pair versus mh
for the two scenarios, respectively. The conclusions are same as
those of Fig. 3 by replacing the f with the corresponding value
of mh . Note that although the channel hh → WW Sˆ Sˆ can have the
sizable decay branching ratio for scenario (ii), it is not a useful
channel since the SM backgrounds for 2W production are over-
whelming.
Although the decay hh → WWWW can be sizably suppressed
for the scenario (ii), it is still dominant and is a promising channel
for searching for Higgs-pair in most of the parameter space [7]. InFig. 5 we plot the rate of σ(gg → hh) × BR(hh → WWWW ) nor-
malized to the SM prediction for the two scenarios, respectively.
Fig. 5 shows the rate for scenario (i) can be sizably enhanced
since the enhancement of σ(gg → hh) is dominant. The rate for
M = 0 GeV in scenario (ii) can be sizably suppressed since the
suppression of BR(hh → WWWW ) is dominant.
For 150 GeV < mh < 200 GeV, the promising channel in SM is
pp → hh → (WW )(WW ) → ( j j±ν)( j j′±ν) (, ′ = e,μ). Since
the decay branching ratios of W boson in LRTH are almost the
same as those of SM, the LRTH rate of this channel normalized to
the SM prediction equals to R
LRTH
RSM
(shown in Fig. 5), whose value
can reach 1.36 for mh = 160 GeV and M = 0 GeV in scenario (i).
The SM Higgs pair signal and the corresponding SM background
cross section for this channel are respectively 0.19 fb and 1.03 fb
for mh = 160 GeV at LHC by imposing some kinematic acceptance
cuts [7]. Therefore, for mh = 160 GeV, M = 0 GeV in scenario (i),
the signal signiﬁcance S√
B
 5 requires the integrated luminosity
of LHC is no less than 385 fb−1.
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Fig. 5. The rate of gg → hh → WWWW versus for f and mh , respectively. The dash lines for the scenario (i), and the solid lines for the scenario (ii).
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In the left–right twin Higgs (LRTH) model, the scalar Sˆ is a
natural candidate for WIMP dark matter, and the SM-like Higgs
boson mass is typically in the range of 160–180 GeV. We stud-
ied the production of a pair of SM-like Higgs bosons at the LHC
and obtained the following observations: (i) The Higgs-pair pro-
duction rate in the LRTH model can be signiﬁcantly larger than
the SM prediction. (ii) The new decay mode hh → WW Sˆ Sˆ can
be important, which can suppress sizably the conventional decay
modes like hh → WWWW , hh → WW Z Z and hh → WWbb¯. The
decay mode hh → WWWW is still dominant in most of param-
eter space. (iii) Compared with the SM prediction, the rate of the
promising channel gg → hh → WWWW can be sizably enhanced
or suppressed in different parameter space.
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Appendix A. The amplitude of processes including only top loops
As a check for the calculations, we veriﬁed our expressions of
the gg → hh amplitude are gauge invariant for the gluon ﬁelds in
our code. Since the total expressions are complicated and lengthy,
we take top loops for example, and give their expressions. The am-
plitude of the heavy T quark loops can be obtained by replacing
the Yukawa coupling and mass of top quark with those of T quark.
The amplitude of Fig. 1(a) and (b) with top loops
Mtri(mt) = g
2
s δ
ab
4π2
[
ghhtt + ghhh ghtt/
(
sˆ −m2h
)]
Tri(mt), (A.1)
where a and b are the color factors, and sˆ = (p1 + p2)2,
Tri(mt) =mt
[
p1 · 2p2 · 1C0 + 4p2 · 1μ2 Cμ + 4μ1 ν2 Cμν
+ 1 · 2
(
m2t C0 − p1 · p2C0 − 2pμ2 Cμ
− gμνCμν + 0.5
)]
(A.2)
with C(p2, p1,mt,mt,mt) being 3-point loop function. 1 and 2
are respectively the polarization vectors of two gluons, and p1 and
p2 are respectively their momenta.
The amplitude of Fig. 1(c) and (d) with top loops
Mbox(mt) = g
2
s δ
ab
8π2
[
box11(mt) + box12(mt) + box13(mt)
+ box14(mt) + box21(mt) + box22(mt)
]
, (A.3)
box11(mt)
= (m2t − p1 · p2)2 · p3μ1 Dμ + (m2t + p1 · p2)1 · p3μ2 Dμ
+ (6m2t + 4p1 · p2 + 2p1 · p3 + 2p2 · p3)μ1 ν2 Dμν
− 22 · p3μ1 (p1 + p2)νDμν + 2μ1 ν2
(
Cμν +m2t Dμν
)
+ 4μ1 ν2 (p1 + p2 + p3)σ Dμνσ
− (2 · p3σ1 + 1 · p3σ2 )gμνDμνσ
+ 1 · 2
[−2pμ1 (p1 + p2 + p3)νDμν +m2t p2 · p3D0
+ (2m2t + p1 · p3)pμ2 Dμ + (m2t − p1 · p2)pμ3 Dμ
− (3p1 + 2p2 + p3)σ gμνDμνσ− (2p1 · p2 + p2 · p3)gμνDμν
− (m2t + 2p1 · p2 + p2 · p3)pμ1 Dμ − gμνCμν + 2pμ1 Cμ
−m2t C0 + 0.5
]+ 2 · p1[−2μ1 Cμ + (2p1 · p2 + 2p1 · p3
+ p2 · p3 + 7m2t
)

μ
1 Dμ − 1 · p3(2p1 + p2)μDμ
+ 2(p1 + p2 + 2p3)μν1 Dμν − 21 · p3gμνDμν
+ σ1 gμνDσμν + 2m2t 1 · p3D0
]+ 1 · p2[−p1 · p3μ2 Dμ
+ 2 · p3pμ1 Dμ + 2 · p1pμ3 Dμ + 2 · p3gμνDμν
+m2t (22 · p1 − 2 · p3)D0
]
(A.4)
with C = (p2, p3,mt,mt ,mt) and D = (p1, p2, p3, p4,mt,mt,mt ,
mt) being respectively the 3-point and 4-point loop functions,
where p3 = −ph1 and p4 = −ph2 . We can get the box12 via the
exchange p3 ↔ p4, box13 for p1 ↔ p2 and 1 ↔ 2, and box14 for
p1 ↔ p2, 1 ↔ 2 and p3 ↔ p4, respectively.
box21(mt)
= 2m2t 1 · p32 · p3D0
+ (6m2t + p1 · p2 + 2p1 · p3)2 · p3μ1 Dμ
+ (2m2t + p1 · p2)1 · p3μ2 Dμ
+ (8m2t − 2p1 · p3 − 2p2 · p3 − 2p3 · p3)μ1 ν2 Dμν
− 21 · p32 · p3pμ1 Dμ − 21 · p3μ2 pν1Dμν
+ 22 · p3μ1 (2p1 + 2p3 + p2)νDμν + 22 · p3σ1 gμνDσμν
− 21 · p32 · p3gμνDμν − 21 · p3σ2 gμνDσμν
+ 1 · 2
[(
2m4t − 2m2t p1 · p3 −m2t p2 · p3 −m2t p3 · p3
− 2m2t p1 · p2
)
D0 +
(−3m2t + 2p1 · p3 + p2 · p3
+ p3 · p3
)
pμ1 Dμ +
(−m2t + p1 · p3)pμ2 Dμ
− (2m2t + p1 · p2)pμ3 Dμ + 2pμ1 (p1 + p2 + p3)νDμν
+ gμνCμν − 2pμ1 Cμ +m2t C0 − 0.5+
(−2m2t + 2p1 · p3
+ p2 · p3 + p3 · p3
)
gμνDμν + (3p1 + 2p3
+ p2)σ gμνDσμν
]
2 · p1
[−1 · p3(p2 + 2p1)μDμ
+ 2μ1 (p1 + p3)νDμν −
(
p2 · p3 + p3 · p3 − 7m2t
)

μ
1 Dμ
+ 1 · p2pμ3 · Dμ − 21 · p3gμνDμν + σ1 gμνDσμν
+ 2m2t 1 · (p2 + p3)D0
]+ 1 · p2[(m2t − p1 · p3)μ2 Dμ
− 2 · p3pμ1 Dμ − 2μ2 pν1Dμν − 2 · p3gμνDμν
− σ2 gμνDσμν +m2t 2 · p3D0
]
(A.5)
with C = (p3, p2,mt,mt ,mt) and D = (p1, p3, p2, p4,mt,mt,mt ,
mt). The expression of box22 can be obtained via the exchange
p1 ↔ p2 and 1 ↔ 2.
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